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V 

DETECTING AND INDICATING A PROXIMITY OF A DENTAL INSTRUMENT 

TO A TOOTH APICAL FORAMEN 
Priority 

[1] The present application is a continuation-in-part of, and claims priority 

5 from, currently pending United States patent application No. 10/205,966, filed July 26, 
2002, which is incorporated herein by reference for all purposes. 

Background 

[2] FIG. 1 illustrates a cross-sectional view of a tooth, with several parts of the 

tooth identified. Many dental or medical procedures, such as cleaning non-vital nerves 

10 and blood vessels from a root canal, require that a dental/medical practitioner know the 
location of the opening of an apex of a patient's tooth. The apex is the tip of the root, 
and it has an opening or passage where nerve, blood supply, and other tissue leave the 
jawbone and enter the tooth's root canal. The opening is commonly referred to as the 
apical foramen. These dental/medical procedures typically involve inserting and using or 

1 5 operating a dental instrument, such as a file or other tool, to remove tissue from the 
canal. It is important that the position of the tip of the dental instrument be known 
relative to the apical foramen to minimize tissue damage. Throughout this specification, 
a "dental instrument" includes any device inserted into a tooth for direct or indirect 
treatment, including but not limited to reamers, files, and like instruments used to clean 

20 out tissue contained in a tooth's root canal, to fix anchors into the tooth, to insert syringe 
needles and other devices into the tooth, and the like. The dental instrument includes 
an electrically conductive portion along at least a part of its length. 

[3] For example, if the dental/medical practitioner does not clear a root canal 

by inserting the file or other tool all the way to the apical foramen, nerve, vascular and 
25 other tissue can remain in the tooth's root canal. This remaining tissue can become 
infected and create problems for the patient. If the dental/medical practitioner 
penetrates the apical foramen, healthy nerve, vascular, and other tissue can be 
damaged. Such damage can cause unnecessary pain for the patient. Consequently, a 
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number of methods and devices have been developed to help the dental/medical 
practitioner determine the location of the apical foramen of a specific tooth. 

[4] One such method and device includes taking numerous radiographs, such 

as x-rays with an x-ray machine, of a patient's tooth while the dental/medical practitioner 
5 moves a dental tool in the root canal. Unfortunately, this method subjects the patient to 
multiple exposures of radiation as the dental/medical practitioner moves the dental tool 
toward the apical foramen. This method can also be very time consuming because the 
dental/medical practitioner does not move the dental tool while the patient's tooth is 
radiographed and the radiographs developed. This method can also fail to show the 
10 location of the apical foramen relative to a dental tool if the tooth cannot be isolated on a 
radiograph. 

[5] Another such method and device includes electronically detecting the 

apical foramen's location by measuring changes in impedance (resistance and 
capacitance) between an electrode in a patient's tooth (often the dental instrument) and 

15 an electrode attached to the patient's lip. Typically, a stimulus voltage applied across 
these electrodes includes two or more signals. One signal has a high frequency while 
the other signal has a low frequency. Since the capacitive portion of an impedance is a 
function of signal frequency, impedances at the two frequencies are compared to 
estimate the capacitive portion. By monitoring changes in the impedance associated 

20 with each signal as the dental/medical practitioner moves the tool in the root canal, the 
dental/medical practitioner can be provided an approximate location of the tooth's apical 
foramen relative to the tool tip. 

[6] With this method, the practitioner must stop the operation of the 

handpiece to eliminate the electrical noise, maintain the position of the dental 
25 instrument in the root canal, attach a lead of an electronic detector to the dental 
instrument, read the proximity of the dental instrument's tip to the apical foramen, 
disconnect the lead, and resume operation until another proximity indication is desired, 
when the process is repeated. Dental/medical practitioners would like to know the 
proximity of the tip to the apical foramen in real time as they move the tip of the dental 
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instrument down the root canal, particularly when driving the dental instrument with an 
electrically operated handpiece. Attempts have been made to eliminate the several 
steps of individually connecting and disconnecting the lead to the dental instrument by 
externally mounting the electronic detector lead on the handpiece, and coupling the lead 
5 by a brush to the dental instrument. Such systems require a custom or retrofitted 

handpiece, and still require an extra wire. In addition, noise immunity of these systems 
during handpiece operation has not been established. 

[7] Coupling proximity indication circuitry to existing electrically conductive 

handpiece pathways has encountered problems with electrical noise. Operation of the 

10 handpiece creates electrical noise, such as make and break of conductive gears, gears 
turning, PWM motor drivers, a metal motor, and other equipment. Direct current, which 
may be more noise immune, should not be used because of possible adverse biological 
consequences. Existing techniques measure the real component of a proximity- 
detecting signal (also referred to as "stimulation signal") passing through a tooth by 

15 measuring the peak components of this signal. However, noise from the dental 

handpiece adds to the peak values and distorts the signal readings, or the signal peaks 
drift. Existing methods work well only when the dental handpiece is off, and noise from 
the dental handpiece is absent. 

Summary 

20 [8] An aspect of the invention provides a device, system, and method for 

indicating the proximity of a dental instrument in a tooth's root canal to the canal's apical 
foramen while using the dental instrument to perform a dental/medical procedure. 

[9] An embodiment of the present invention provides an apparatus that 

includes a signal generator that provides a divider signal across a first node and a third 
25 node, and a reference impedance coupled between the first node and a second node. 
The second node and third node are configured for electrically coupling between the tip 
of the dental instrument and an electrode coupled with a body tissue of the patient, a 
stimulation signal being defined across the second node and the third node. The 
apparatus also includes a microprocessor operable to compare the stimulation signal 
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and the divider signal, and generate a proximity signal from a correlation parameter in 
response to the comparison, and a proximity indicator that indicates the proximity of the 
tip of the dental instrument to the apical foramen in response to the proximity signal. 
The signal generator may generate a single frequency divider signal, and the 
5 stimulation signal may include noise generated by a handpiece driving the dental 
instrument. The correlation parameter may include a lookup table, or an equation. 

[10] Another embodiment of the present invention provides a method for 

generating a divider signal across a first node and a third node, impeding a current with 
a reference impedance coupled between the first node and a second node, and further 

10 impeding the current by electrically coupling the tip of the dental instrument in the root 
canal and an electrode coupled with a body tissue of the patient between the second 
node and third node, a stimulation signal being defined between the second node and 
the third node. The method further includes sampling and demodulating the stimulation 
signal, digitally comparing the demodulated stimulation signal and the divider signal, 

15 and generating a proximity signal from a stored lookup table in response to the 

comparison, the lookup table correlating at least one comparison of the divider signal 
and the stimulation signal with a proximity of the tip of the dental instrument in a root 
canal to the apical foramen, and indicating a proximity of the tip of the dental instrument 
to the apical foramen in response to the proximity signal. These and various other 

20 features as well as advantages of the present invention will be apparent from a reading 
of the following detailed description and a review of the associated drawings. 

Brief Description of the Drawings 

[11] The features of the present invention which are believed to be novel are 

set forth with particularity in the appended claims. Aspects of the invention, together 
25 with advantages thereof, may best be understood by making reference to the following 
description taken in conjunction with the accompanying drawings, in the several figures 
of which like referenced numerals identify like elements, and wherein: 

[12] FIG. 1 illustrates a cross-sectional view of a tooth, with several parts of the 

tooth identified; 
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[13] FIG. 2 illustrates a functional block diagram of an apparatus that indicates 

the proximity of a tip of a dental instrument in a tooth's root canal to the canal's apical 
foramen, according to an embodiment of the invention; 

[14] FIG. 3 is a schematic circuit diagram of a circuit incorporated in the 

5 apparatus of FIG. 2, according to an embodiment of the invention; and 

[15] FIG. 4 is a perspective view of a system incorporating the apparatus of 

FIG. 2, according to an embodiment of the invention 

Detailed Description 

[16] In the following detailed description of exemplary embodiments of the 

10 invention, reference is made to the accompanying drawings, which form a part hereof. 
The detailed description and the drawings illustrate specific exemplary embodiments by 
which the invention may be practiced. These embodiments are described in sufficient 
detail to enable those skilled in the art to practice the invention. It is understood that 
other embodiments may be utilized, and other changes may be made, without departing 
1 5 from the spirit or scope of the present invention. The following detailed description is 
therefore not to be taken in a limiting sense, and the scope of the present invention is 
defined by the appended claims. 

[17] FIG. 2 illustrates a functional block diagram of an apparatus 50 that can 

indicate the proximity of a tip (not shown) of a dental instrument (not shown) in a tooth's 

20 root canal to the canal's apical foramen while using the dental instrument, according to 
an embodiment of the invention. The apparatus 50 indicates the proximity of the tip to 
the apical foramen by sensing the impedance of a patient between the tip and another 
electrode, such as a clip (shown and discussed in FIG. 4) fastened to the patient's lip. 
The apparatus 50 includes a signal generator 52 to generate a divider signal Vsig across 

25 a first node Ni and a third node N3; and a microprocessor 62 to sample and demodulate 

a stimulation signal Vstim that has been modified by the impedance of a patient, from 

noise generated by the dental instrument during the instrument's operation. By 

demodulating the stimulation signal from the noise, one may use the apparatus 50 to 

determine the proximity of a drill's tip, for example, that is located inside a tooth's root 

5 
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canal to the canal's apical foramen while one uses the drill to remove soft tissue from 
the canal. Thus, the time required to complete such a dental/medical procedure may be 
reduced. 

Divider Theory 

5 [18] An embodiment of the invention includes using an impedance voltage 

divider to determine an impedance of a portion of the patient's root canal between a tip 
of a dental instrument in the root canal and the apical foramen, which is then correlated 
by a lookup table to a proximity indication. The impedance divider includes the 
reference impedance ZRef coupled between the first node Ni and the second node N2, 
10 and the patient impedance Zpat coupled between the second node N2 and the third node 
N3. The patient impedance Zpat models the patient as a Thevenin equivalent, having 
resistive and reactive (capacitive) elements. 

[19] The signal generator 52 provides a divider signal Vsig across the first node 

Ni and the third node N3. A stimulation signal Vstim is defined across the second node 
1 5 N2 and the third node N3. 

[20] Using Ohm's law, a current I between the first node Ni and the third node 

N3 may be analyzed as an impedance voltage divider as follows: 

I = Vsig /Ziotal 
Zjotal = ZRef + Zpat 
20 Vstim = I X Zpat = Vsig X (Zpat / (Zpef + Zpat )) 

Vsig / Vstim = (ZRef + Zpat ) / Zpat 
Zpat = ZRef ((Vstim)/ (Vsig - Vstim)) 

[21] If ZRef is known and Vstim and Vsig are measured, the impedance Zpat, 

which is a function of the distance between the tip of the dental instrument in the root 
25 canal and the apical foramen, can be determined. When Vsig and ZRef are held 

constant, Vstim changes as a function of Zpat, with Zpat changing in response to changes 
in position of the tip of the dental instrument in the root canal. 

6 
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Components 

[22] Still referring to FIG. 2, the signal generator 52 outputs the divider signal 

Vsig, and may be any type of alternating voltage signal generator having a measurable 
frequency, phase, and amplitude. The signal generator 52 may include a control loop to 
5 maintain the frequency and amplitude. The frequency may be any single frequency 
compatible with the other components of the apparatus 50 and the patient. For 
example, in one embodiment, the frequency of the divider signal may be between 500 
Hz to 10 KHz. As the frequency increases into an upper part of this range, the reactive 
component of the patient impedance Zpat becomes more significant for typical 

10 capacitance values presented between the tip of the dental tool and the lip of the 
patient, and in the leads. While the reactive component can be compensated for, a 
preference is to limit reactive behavior by using a frequency in a lower part of this range. 
The frequency selected preferably should not othenA/ise be present in the environment, 
such as 50-60 cycles, or a signal frequency used to operate a handpiece, such as 28K 

15 pulse-width-modulated signal. Although direct current may be used direct current 
should not be used because of undesirable biological consequences to the tooth. 

[23] Still referring to FIG. 2, the apparatus 50 may include signal-conditioning 

circuitry, also referred to as a signal conditioner, which conditions the stimulation 
voltage signal Vstim for measurement. For example, if amplification is required, the 

20 apparatus 50 optionally includes an amplifier 66, which may be any device operable to 
amplify the stimulation voltage signal Vstim, if necessary, to values suitable for 
processing the stimulation signal Vstim by the microprocessor 62. For example, an 
amplification factor of between two and eight may be used to provide improved 
resolution and aid in noise filtration. By way of further example, if noise filtration is 

25 required, the apparatus 50 optionally includes a filter illustrated as the low-pass filter 68. 

The low-pass filter 68 may be any filter device, such as an active or passive filter, 

having a single transmission band extending from zero to a cutoff frequency that is 

above the divider signal Vsig frequency. The cutoff frequency may be selected in 

conjunction with the capabilities of the microprocessor 62 and parameters of an 

30 algorithm described below selected for demodulating noise from the stimulation signal 
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Vstim with an accepted degree of accuracy. The low-pass filter 68 removes higher- 
order components of noise in the stimulation signal Vstim for more efficient 
demodulation. For example, the cutoff frequency may be between three and ten times 
the divider signal Vsig frequency. 

5 [24] The microprocessor 62 may be any microprocessor, preferably having low 

power consumption and advantageously used in miniaturized systems. The apparatus 
50 may also include digital storage 64, which may be any digital data storage device or 
media for saving data in a semi-permanent or permanent form, including a memory 
physically associated with the microprocessor 62. The microprocessor 62 may be 

10 programmed to detect and sample the divider signal Vsig and the stimulation signal Vstim 
using any suitable technique known in the art, the two signals being synchronized. In 
an alternative embodiment, a separate analog-to-digital converter may be used to 
detect and sample the signals (digitize), and the digitalized signals provided to the 
microprocessor 62. The microprocessor 62 may be further programmed to demodulate 

15 the stimulation signal Vstim, compare the demodulated stimulation signal Vstim and the 
divider signal Vsig, access at least one stored lookup table, and generate a proximity 
signal Vprox, indicating the locations of the dental tool relative to the apical foramen from 
the lookup table in response to the comparison of the demodulated stimulation signal 
Vstim and the divider signal Vsig. In another embodiment, the microprocessor 62 may 

20 access a formula and generate the proximity signal Vprox from the formula. In a further 
alternative embodiment, the stimulation signal Vstim nnay be demodulated by an analog 
device with respect to the divider signal Vsig, and the demodulated divider signal Vsig 
provided to the microprocessor 62 for comparison. 

[25] The digital storage 64 may include at least one stored lookup table that 

25 correlates at least one comparison of the divider signal Vsig and the stimulation signal 
Vstim with the proximity of the tip of the dental instrument in a root canal to the apical 
foramen. Additional description of the lookup table and its creation is provided below. 

[26] The demodulation process includes reconversion of the stimulation signal 

Vstim back to the original frequency of the divider signal Vsig by removing frequency 
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modulations introduced by noise, typically, from an apparatus operating the dental 
instrument. The demodulation process also includes determining phase and amplitude 
of the stimulation signal Vstim- The demodulation process executed by the 
microprocessor 62 removes noise from the stimulation signal Vstim using techniques 
5 known in the art to digitally remove noise from a data signal. These techniques include, 
but are not limited to, application of at least one of the following: a synchronous 
demodulation algorithm, a fast Fourier transform, a single frequency fast Fourier 
transform, and a convolving algorithm. The demodulation process may include 
sampling the stimulation signal Vstim at a selected rate greater than the Nyquist 

1 0 frequency of the anticipated noise component of the stimulation signal Vstim- If for 
example, noise generated by the dental handpiece is generally below 5 KHz, a divider 
voltage signal Vsjg of 1 KHz may be selected, the low-pass filter 68 may be selected 
with a cutoff frequency of 5 KHz, and a sampling rate of 12 KHz may be selected to 
provide sampling of the noise frequency range of 0-5 KHz at slightly greater than the 

15 Nyquist frequency. The demodulation algorithm rejects frequencies in the stimulation 
signal Vstim other than the divider voltage signal Vsig frequency, which in this example 
are frequencies other than 1 KHz. 

[27] Because the stimulation signal Vstim and the divider voltage signal Vsig are 

the same frequency, the comparison process requires that the phase and magnitude of 

20 each signal be known. The phase and magnitude of the stimulation signal Vstim can be 
known by design or by measurement. If the divider voltage signal Vsig is known by 
design to be accurate and stable, then the demodulated stimulation signal Vstim may be 
treated as having a known phase and magnitude. However, in one embodiment the 
microprocessor 62 may also demodulate the divider voltage signal Vsig phase and 

25 amplitude, allowing the phase and amplitude of the divider voltage signal Vsig at the 
node Ni to be compared with the phase and amplitude of the demodulated stimulation 
signal Vstim at node N2. 

[28] The amplitude and phase information of the stimulation signal Vstim. are 

compared with the amplitude and phase of the divider signal Vsig. The phase 
30 comparison indicates the reactive components in the patient impedance Zpat and/or the 
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reference impedance Zpet. During the process of generating the proximity signal, the 
microprocessor 62 compares relative values of the demodulated stimulation signal Vstim 
and the divider signal Vsig. For example, assume that ZRef is 2K ohms. Further assume 
that the patient impedance Zpat equals 2K ohms when the tip of the dental instrument is 
5 at the apex, which is the generally accepted impedance between an apical foramen and 
an electrode coupled with the patient's lip or skin. If the ratio of the divider signal Vsig 
amplitude to the demodulated stimulation signal Vstim amplitude is 2:1 , then according to 
Ohm's law, Zpat = Zpef = 2K ohms. This ratio indicates the tip of the dental instrument is 
at or approximately at the apical foramen. In the same example, if the ratio is 4:3, then 

10 Zpat > Zpef, and the tip of the dental instrument is located away from the apical foramen. 
In the above example, only the real or resistive components of Zpat and Zpef are 
compared. In furtherance of the above example, Zr©! may consist essentially of only a 
resistive member and no reactive component. In another embodiment, ZRef may include 
a reactive component. The above ratios are illustrative of a situation where the 

15 amplitude of the stimulation signal Vstim has not been amplified by the amplifier 66. If 
the stimulation signal Vstim has been amplified, then the ratio numbers will change in 
response to the amplification. However, comparison of relative values of an amplified 
and demodulated stimulation signal Vstim and the divider signal Vsig continues to reflect 
relative values of Zpat = ZRef. For example, if the amplifier 66 has a gain of four, and the 

20 ratio of the divider signal Vsig to the amplified and demodulated stimulation signal Vstim 
is 2:4, then Zpat = ZRef = 2K ohms remains the case. 

[29] In a further alternative embodiment, the comparison may include 

comparing the phases of the synchronized demodulated stimulation signal Vstim and 
divider signal Vsig. The patient impedance Zpat illustrated in FIG. 2 includes both 

25 resistive and reactive components, the reactive component typically being capacitance. 
The capacitance changes the patient's impedance Zpat, thus, decreasing the stimulation 
signal Vstim at the second node N2 and inducing a phase shift. If only the amplitudes of 
the stimulation signal Vstim and the divider signal Vsig were compared when a capacitive 
component is present in the patient impedance Zpat, such comparison would incorrectly 

30 indicate that there was less resistance in the patient's impedance Zpat than there really 

10 
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is. The phase information provides the comparison process with both the resistive and 
capacitive components of the patient impedance Zpat- This can allow the comparison 
process to compare any phase shift between the demodulated stimulation signal Vstim 
and the divider signal Vsig. 

5 [30] The proximity signal Vprox may be generated by the microprocessor 62 

using the lookup table stored in the digital storage 64. This configuration provides 
flexibility in empirically establishing a proximity indication in response to the comparison 
of the demodulated stimulation signal Vstim and the divider signal Vsig. Continuing with 
the above example, if the comparison ratio is 2:1 , the lookup table may establish that 
10 the 2:1 ratio is indicative of a zero tip distance to the apical foramen, and generate a 
proximity signal Vprox indicating a "00" distance. Still continuing with the above example, 
if the comparison ratio is 4:3, the lookup table may establish the 4:3 ratio as indicative 
that the tip is 80 percent of the length of the root canal away from the apical foramen, 
and generate a proximity signal Vprox indicating an "80" distance. 

15 [31] In an alternative embodiment, the comparison may be outputted by the 

microprocessor 62 as the proximity signal Vprox to a proximity indicator 70 that may be 
included in the apparatus 50. In this alternative embodiment, the proximity indicator 70 
includes a lookup table or other functionality that establishes a proximity indication in 
response to the comparison signal Vprox. 

20 [32] Still referring to FIG. 2, the proximity indicator 70 may be any indicator that 

presents apical foramen proximity data to the dental/medical practitioner in response to 
the proximity signal. The proximity indicator may include a digital display. The digital 
display may display digits representing a relative proximity to the apical foramen, with, 
for example, a "99" representing initial entry of the tip of the dental instrument into a root 

25 canal from the crown portion of the tooth, a "0" representing the tip at the apical 

foramen, and numbers between correspondingly representing intermediate proximities. 
In an alternative embodiment, the proximity signal Vprox may be calibrated to represent a 
distance to the apical foramen in a unit-of-measure, and the digital display being 
operable to display proximity in the unit-of-measure, such as millimeters. In another 

11 
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embodiment, the proximity indicator may include a liaptic device, such as a vibrator or 
sound that is activated at a proximity to the apical foramen. In a further embodiment, 
the proximity indicator 70 may include indicating lights. For example, an end light can 
represent the point where the dental instrument is at the tooth's apical foramen, or 
5 substantially close. Other lights can indicate a distance between the tip of the dental 
instrument and the apical foramen by their proximity to the end light. In other 
embodiments, the lights or digits of the display can be color-coded as desired to provide 
the dental/medical practitioner an easily recognizable indication of proximity to the 
apical foramen. Additionally or alternatively, the display can include any desired sound 
10 to indicate the distance between the tip of the tool and the apical foramen. 

Connections 

[33] The apparatus 50 includes coupling one side of the divider signal Vsig, one 

end of the reference impedance Zpef, and one divider signal Vsig sensing input of the 
microprocessor 62 to the first node N1 . The apparatus 50 further includes coupling 

1 5 another side of the divider signal Vsig, an end of the patient impedance Zpat, and another 
divider signal Vsjg sensing input of the microprocessor 62 to the third node N3. Another 
end of the reference impedance Zpef and another end of the patient impedance Zpat are 
coupled with the second node N2. A stimulation voltage Vstim input of the 
microprocessor is coupled with the second node N2. Optionally and preferably, the low- 

20 pass filter 68 and the amplifier 66 are coupled between the second node N2 and the 
stimulation voltage Vstim input of the microprocessor 62 for processing of the stimulation 
voltage Vstim before it is received by the microprocessor. A proximity signal Vprox output 
of the microprocessor 62 is coupled with an input of the proximity indicator 70. 

[34] In an alternative embodiment, the stimulation signal Vstim may be supplied 

25 to the second node N2 by any signal source. For example, an alternating current source 
that generates a known, accurate, and stable current may be used in place of the 
divider signal Vsig and the reference impedance Zpef. With a known current, the patient 
impedance Zpat will be a function of the stimulation signal Vstim. 

12 
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[35] The operation of the apparatus 50 is described in conjunction with FIG. 3. 

[36] FIG. 3 is a schematic circuit diagram of a circuit 100 incorporated in the 

apparatus 50 of FIG. 2, according to an embodiment of the invention. The circuit 100 
includes a microprocessor 62, a low-pass filter 110, the reference impedance Zrbu an 
5 amplified low-pass filter 120, the first node Ni, the second node N2, and the third node 
N3. 

[37] In one embodiment, the microprocessor 62 is a Motorola® MC9S08GB32 

8-bit microcontroller unit that includes RAM and flash memory. The memory of the 
microprocessor 62 provides the memory function of the digital storage 64 of the 
10 apparatus 50. The microprocessor 62 includes a high-current line Vout. The 

microprocessor 62 is powered by a DC power source, such as a 3-volt battery (not 
shown). 

[38] The low-pass filter 1 10 is an active second-order low-pass filter having 

parameters including a 292 cutoff frequency, Q=.707, and a gain of one. The 

1 5 parameters of the low-pass filter 1 1 0 are selected to provide the divider signal Vsig in 
response to Vout as described below. The reference impedance ZRef is a 3.92 K ohm 
resistor element. In an alternative embodiment, the reference impedance Zpef includes 
a reactive element, such as a capacitor. The capacitor may be selected to 
approximately equal parasitic capacitance of a test lead and/or an electrically 

20 conductive drive mechanism of a handpiece. The amplified low-pass filter 120 is an 
active second-order, low-pass filter having parameters including a 4350 cutoff 
frequency, Q=. 707, and a gain of four. The amplified low-pass filter 120 provides 
functions of both the low-pass filter 68 and the amplifier 66 of FIG. 2. As described in 
reference to the low-pass filter 68, the filtering parameters of the amplified low-pass 

25 filter 120 are selected to remove higher-order components of noise in the stimulation 
signal Vstim for more efficient demodulation. As described in reference to the amplifier 
66, the amplifying parameters of the amplified low-pass filter 120 are selected to provide 
improved resolution of the stimulation voltage Vstim and aid in noise filtration. The 

13 
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proximity indicator 170 includes a digital display 172 operable to display two digits and a 
hepatic indicator 174 operable to produce a "beeping" sound. 

[39] Connections of the components of the schematic circuit diagram of the 

device 100 are indicated with reference to the pin labels of the microprocessor 62. As 
5 with FIG. 2, the reference impedance Zpef is coupled between the first node Ni and the 
second node N2, the patient impedance Zpat is coupled between the second node N2 
and the third node N3. The third node N3 is indicated as a ground or common point. 
The second node N2 and third node N3 are configured for electrically coupling the tip of 
the dental instrument in the root canal and the electrode coupled with a body tissue of 
10 the patient. The stimulation signal Vstim is defined between the second node N2 and the 
third node N3. A blocking capacitor C5 is included between the third node N3 and 
ground to block DC current through the patient, and is illustrated as 1.0 microfarads. 

[40] The microprocessor 62 includes the lookup table stored its memory. The 

microprocessor 62 further includes operability that generates a single-frequency signal 

1 5 Vout at pin 32, and that receives the stimulation signal Vstim at pin 34 for digital 

possessing. The digital processing includes demodulating the stimulation signal Vstim, 
comparing the demodulated stimulation signal Vstim and the reference signal Vsig, and 
generating a proximity signal from a stored lookup table. The demodulating includes 
removing noise from the stimulation signal Vstim, which includes application of at least 

20 one of a synchronous demodulation algorithm, a fast Fourier transform, a single 

frequency fast Fourier transform, and a convolving algorithm. The noise removed may 
include noise from a dental handpiece that drives the dental instrument. The digital 
processing further includes automatically updating the proximity signal at least once 
each second, and preferably at least ten times each second. The proximity signal is 

25 generated in response to the comparison of the demodulated stimulation signal Vstim 
and the divider signal Vsig. 

[41] The microprocessor 62 further includes operability that in cooperation with 

the low-pass filter 1 10 generates the reference signal Vsig. The microprocessor 62 
includes operability that generates a 28 KHz carrier that pulse-width-modulates to a 1 

14 
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KHz sine wave signal Vout- The low-pass filter 110 smoothes the 1 KHz sine wave 
signal Vout and reduces its amplitude to a preselected amplitude the divider signal Vsig, 
which is 100 mV peak-to-peak in the embodiment illustrated in FIG. 3, In an alternative 
embodiment, the microprocessor 62 may be configured to include a plurality of 
5 frequencies in the reference signal Vsig if advantageous for indicating proximity of the tip 
of the dental instrument to an apical foramen. 

[42] The microprocessor 62 also further includes an internal analog-to-digital 

converter that detects and samples (digitizes) the divider signal Vsig and the stimulation 
signal Vstim- In an alternative embodiment, a separate analog-to-digital converter may 
1 0 be used to detect and sample the divider signal Vsig and the stimulation signal Vstim, and 
provide digitized signal inputs to the microprocessor 62 for signal processing. 

[43] FIG. 4 is a perspective view of a system 200 incorporating the apparatus 

50 in FIG. 2, according to an embodiment of the invention. The system 200 includes an 
apical foramen indicator 240, and a dental handpiece 250. 

1 5 [44] The apical foramen indicator 240 includes the apparatus 50 of FIG, 2, 

which may be implemented by the circuit 100 of FIG. 3. The apical foramen indicator 
240 also includes a display 242 as a proximity indicator presenting selected apical 
foramen location information to a dental/medical practitioner. 

[45] The dental handpiece 250 may be a traditional dental handpiece 

20 comprising a separate, typically stationary, handpiece driver 258 coupled to a handheld 
portion 252 by an electrically conductive path 256. Alternatively, the dental handpiece 
250 may be a battery driven cordless handpiece that incorporates the handpiece driver, 
and any other configuration. The dental handpiece 250 includes a chuck 253 that 
removeably engages the conductive dental instrument 254 having the tip 255. The 
25 driver 258 drives the dental instrument 254, and is mechanically coupled to the chuck 
253. At least a portion of the mechanical coupling between the driver 258 and the 
chuck includes the electrically conductive path 256. The handpiece coupler 257 may be 
connected to the electrically conductive path 256 at the driver 258, the handheld portion 
252, or in some other manner, preferably using an existing electrically conductive 
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pathway. The handpiece coupler 257 carries the divider signal Vsig of FIG. 2, and is at 
the second node N2 of FIG 2. 

[46] The patient 210 is illustrated with an electrically conductive "lip clip" 218 

attached to the patient's lip 220, and the tip 255 of a dental instrument 254 in the root 
5 canal 21 7 of the tooth 21 6 at a distance from the apical foramen 226. The lip clip 21 8 is 
coupled by a ground coupler 21 1 to the indicator 240, and is at the third node N3 of FIG. 
2. The portion of the patient 210 between the tip 255 and the lip clip 218 is represented 
as Zpat in FIG. 2. The indicator 240 may include an isolation capacitor (not shown) 
coupled to the ground coupler 21 1 for protection or convenience of the patient 210. 

1 0 [47] The display 242 can be any desired display capable of presenting apical 

foramen location data to the dental/medical practitioner. For example, in this and other 
embodiments, the display 242 can include lights 244 and 245 that can operate in a 
single mode, a persistent mode, or a logarithmic march mode. In the single mode, an 
end light 245 can represent the point where the tip 255 of the dental instrument 254 is 

1 5 proximate to the tooth's apical foramen 226 or is substantially close. The other lights 
244 can indicate a relative distance or a dimension between the tip 255 of a dental 
instrument 254 and the apical foramen 226 by their proximity to the end light 245. Thus, 
as the tip 255 of the dental instrument 254 approaches the tooth's apical foramen 226, 
single lights 244 are turned "on" and then "off," and appear to march toward the end 

20 light 245. In the persistent mode, the lights 244 and 245 can indicate the distance of the 
tip 255 of the dental instrument 254 to the apical foramen 226 in a similar manner to the 
single light mode except the lights are not turned "off" as the tip of a dental instrument 
continues toward the apical foramen. In the logarithmic march mode, the number of 
lights 244 and 245 turned "on" can indicate a proximity or a distance between the tip 

25 255 of a dental instrument 254 and the apical foramen 226. 

[48] In other embodiments of the indicator 240, the lights of the display 242 

can be color-coded as desired to provide the dental/medical practitioner an easily 
recognizable indication of the apical foramen's location. Additionally or alternatively, the 
display 242 can include any desired sound to indicate proximity of the tip 255 of the 
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dental instrument 254 to the apical foramen 226. For example, the display can provide 
beeps that can indicate proximity between the tip 255 of the dental instrument 254 and 
the apical foramen 226 based on the tone of the beep, the number of beeps or time 
between multiple beeps. In still other embodiments, the display can be a backlit liquid 
5 crystal display that presents text to the dental/medical practitioner or the display can be 
a video display that presents images to the dental/medical practitioner. 

[49] Still referring to FIG. 4, in this and other embodiments, the apical foramen 

indicator 240 can include mode buttons 248 for selecting a lookup table appropriate for 
the patient's tooth and for changing how the apical foramen location data is displayed to 
10 the dental/medical practitioner. Thus, a dental/medical practitioner can quickly change 
tooth maps as desired. In addition, the dental/medical practitioner can receive the 
apical foramen location data in a manner that they are most comfortable. 

[50] In operation, the lip clip 218 is placed on the patient's lip 220 and the 

ground coupler 21 1 Is connected to the apical foramen indicator 240. The indicator 240 

1 5 is coupled to the handpiece 250 with the coupler 257, which delivers the stimulation 
voltage Vstim to the electrically conductive path 256 in the handheld portion 252 of the 
handpiece and the correspondingly to the dental instrument 254. The conductive path 
between the tip 255 of the dental instrument 254 in the root canal 217 and the lip clip 
220 includes both resistive and capacitive (reactive) components of Zpat that correlate 

20 the patient impedance Zpat with proximity to the apical foramen 226. As the tip 255 is 
moved along the root canal 217 toward or away from the apical foramen 226, the 
patient impedance Zpat changes, thus changing the stimulation voltage Vstim- The 
indicator 240 compares the stimulation voltage Vsum and the divider signal voltage Vsig 
as previously described, and indicates the proximity of the tip 255 to the apical foramen 

25 226. The indicator 240 provides proximity indication while the dental instrument 254 is 
in operation because the microprocessor 62 of FIG. 2 includes operability that removes 
noise from the stimulation voltage Vstim introduced by operation of the handpiece 250. 
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Lookup Table 

[51] An aspect of the invention includes a correlation parameter that correlates 

a comparison of the divider signal Vsig and the stimulation signal Vstim with a proximity of 
the tip of the dental instrument in a root canal to the apical foramen. In an embodiment 
5 of the invention, the correlation parameter is empirically derived from testing one or 
more teeth. The correlation parameter can be embodied in a lookup table, an equation, 
or in some other form usable by the microprocessor 62 for translating a comparison of 
the divider signal Vsig and the stimulation signal Vstim into the proximity signal Vprox. 
While the following describes generation of a lookup table, an equation or other 
10 correlating parameter may be generated in a similar manner. 

[52] The lookup table stored in the digital storage 64 of FIG. 2 includes at least 

one table correlating a comparison of the divider signal Vsig and the stimulation signal 
Vstim with proximity of the tip of the dental instrument in a root canal to the apical 
foramen. The correlation of the divider signal Vsig and the stimulation signal Vstim in 
1 5 effect measures a Thevenin equivalent of the root canal. A lookup table is used to 

correlate the Thevenin equivalent of the root canal with proximity of the tip of the dental 
instrument in the root canal to the apical foramen with by clinical studies and live 
studies. 

[53] The lookup table may be generated in any method suitable for producing a 

20 correlation between the patient impedance Zpatand proximity of the tip 255 to the apical 
foramen 226, which is reflected in a comparison of the stimulation voltage Vstim and the 
divider signal voltage Vsig. Such methods include clinical trials and bench testing. In 
bench testing, a setup similar to FIG. 4 may be used with a reference tooth and a lip 
model that mimics impedance of tissue surrounding a tooth. In both methods, the tip 
25 255 is placed at a location in the root canal 217, the stimulation voltage Vstim and the 
divider signal voltage Vsig compared, and physical determination of proximity of the tip 
to the apical foramen made based on an x-ray or other known means. The comparison 
is then correlated with the physically determined proximity, and the correlation entered 
in the lookup table. The tip 255 location is then changed, and another correlation 
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entered into the lookup table. This method is continued until a satisfactory granularity in 
the lookup table is achieved. The proximity may include a percentage of the root canal 
length, or a dimension, such as millimeters from the apical foramen 226. Since the 
patient impedance Zpat varies depending on the type and structure of a tooth, and 
5 between patients, results from several trials may be combined into a single lookup table. 
In an alternative embodiment, a plurality of lookup tables may be stored in the digital 
storage 64 of FIG. 2, and the apparatus 50 provide for selection of a lookup table by the 
dental/medical practitioner. 

[54] It is generally accepted that the resistive component between the apical 

10 foramen and an electrode coupled to body tissue of the patient, such the patient's lip or 
skin, is approximately 2K ohms. The conductive pathway includes the nerve and blood 
vessel lying between. When the tip of the dental instrument initially enters the root 
canal from the tooth enamel portion of the tooth, it is further generally accepted that the 
resistive component between the root canal and an electrode coupled with the patients 
15 lip is approximately 3K ohms. The patient impedance Zpat also has a reactive 

component. Depending on several factors, the change in the patient impedance Zpat 
along the root canal 217 may or may not be linear or othenvise predictable. If the 
clinical and bench studies show resistance in the most valid qualifier of apical foramen 
location, then the lookup table may be built using only the resistive component of the 
20 patient impedance Zpat. Alternatively, if the clinical and bench studies show that 

impedance, resistive plus capacitive (reactive) components, is the most valid quantifier 
of apical foramen location, then the lookup table may be built using both the resistive 
and capacitive components of the patient impedance Zpat. 

[55] In preparing the lookup table, corruption of the patient impedance Zpat may 

25 be introduced by elements in the stimulation signal Vstim pathway outside of the patient. 

The corruption typically is introduced by the leads and by components of the apparatus 

50 of FIG. 2 in the stimulation signal Vstim pathway. The corruption is typically 

capacitive, and may be removed in determining the patient impedance Zpatif resistive 

and capacitive components are found to be the most valid qualifier. Since the couplers 

30 21 1 and 256 are made of metal wires, and the electrical conductive path 256 is metal, 
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there effectively is no resistance in tlie conductive path contributed to Zpat other than by 
the patient. However, there may be significant capacitance (reactive) corruption 
contributed to Zpat by the couplers 21 1 and 256 of FIG. 4. In addition, there may be 
significant capacitive corruption introduced by the low-pass filter 68 and amplifier 66 of 
5 FIG 2. This capacitive corruption contribution to the patient impedance Zpat may vary 
depending on the type and configuration of dental handpiece 250 being used. 

[56] The capacitive corruption introduces a phase shift. Therefore, different 

handpiece 250 and apparatus 50 are expected to contribute different capacitive 
corruption to the patient impedance Zpat. The corruption for a particular handpiece and 

10 apparatus may be characterized and/or calibrated by opening the patient connection, 
i.e., the second node N2 and the third node N3, and recording the impedance as a 
baseline for the apical foramen measurements. The data used to build the lookup table 
may then be compensated for the corruption impedance in the testing system. Along 
the same line, a lookup table furnished with the indicator 240 of FIG. 4 may be 

1 5 compensated for the corruption characteristics of the system 200. 

[57] Although the present invention has been described in considerable detail 

with reference to certain preferred embodiments, other embodiments are possible. 
Therefore, the spirit or scope of the appended claims should not be limited to the 
description of the embodiments contained herein. It is intended that the invention 

20 resides in the claims hereinafter appended. The various embodiments of the invention 
may be implemented as a sequence of computer implemented steps or program 
modules running on a computing system and/or as interconnected machine logic 
circuits or circuit modules within the computing system. The implementation is a matter 
of choice dependent on the performance requirements of the computing system 

25 implementing the invention. In light of this disclosure, it will be recognized by one 

skilled in the art that the functions and operation of the various embodiments disclosed 
may be implemented in software, in firmware, in special purpose digital logic, or any 
combination thereof without deviating from the spirit or scope of the present invention. 
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